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SUKMJRY

An investigation was made to dotcrmino tho perfomnnoe of
an aircraft-ongino cylinder using nitrous oxide to provido ad-
ditional supcrohsrging. Single-cylinder tests woro conducted
at constant manifold pressure in :hioh njtrous oxido was added
as a Gas to the inlet air to provido extra suporchsrging.
Dctorminations woro mado 01’tho offcots of tlnismethod of sup~r-
charGing on pwor output, oylindor-head tcmperaturo, and fuel
consumption; and an evaluation wac mado of methods of cooling
tho oylindor when usir.qnitrous oxido. Additional tests woro
conductod to find tha cflmcctsof nitrous o::idosuporchcrginc on
tinolmock limits ~’hcmusing 28-R and 33-R fufils. Calculations
woro made using these data to ostinato the effect on engino per- -
fcmmmncc of injecting tho nitrous oxido into the induction
system as a liquid.

The results of tho tests and calculations aro mmmmrizod
m fclllol:s:

Inj.ction as a gaG (test results):

1. With constant manifold prossuro,”thc nitrous oxido in-
creased tho powor output about 14 poroont on an indicated basis
at a nitrous oxide-air rntio of 0.1; this inoroase amounted to
m>out 25 porocnt at a ratio of 0.2.

2. The lmook-limited pouor output was incroasod about 9
poroont on an indioatod basis with a nitrous oxido.air ratio of
0.1 and about 17 poroont with a nitrcus oxido-air ratio of 0.2.
Tho lmook-limited manifold pressuro was docreasod about 2 per-
cent and 4 poroont, rospootivoly, for “thcsoratios.
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3. Inomasing tho oxygen ooncmtration in &o ohargo by the
addition of nitrous oxido inoreased tho flmue spocd, resulting in
dooreasod values of optimum spark timing. This effoot was os-
pooially notable at oxtromely rioh fuel-oxygen ratios.

4. The USIJof nitrous oxide rosultod in abnormally high
oylindor-head tompcraturcs, When Wok is not a limitation, those
tamperatums oan ho controlled to best advantago by tho uso of
mixturo onrichmont. When hook is a ltiitation,+ho uso of water
or water-aloohol injection may bo prof’erablo.

Injection as a liquid at -12C0 F (calculated results):

1. Tho nitrous oxide %uld lowor tho inlet-mixture tempora-
turo to such an extent when tijccted as a Iiqtid that poor mixture
distribution may result unless spooial means are providod to pro-
vont this difficulty. ‘Wkenmixturo distribution is not a pro~lom,
calculations indicute that the liquid nitrous oxide would inoroaso
tho indicated power output about twioo as much as with gaseous in-
jection for a sivon msnifold pressur~. “

2. Calculations end tast data show that the lowored mixturo
tompcrntures brouglitabout by injection of nitrous oxido as a
liquid should causo tho knock-limited indicated powor output to
bc somewhat.lowurthsu that obtainod with gaseous injection at a
fuel-o~gon ratio”of”O.410. ~.triohor fuel-oxy~un ratios, how-
cv;r, the knoolc-limitedpovmr was incraased as tho”m~xturo tom-
porclturowas lowered.

INTRONJCTION

.1nmoer of invostiqationshavo ‘beenconducted to dotcnnino
the cfi’octivonossof o~gcn supurohar~ing of military airoraft
engines, particularly for momontary bursts of powcm at high alti-
tudes. (SOCIrefcronoos 1 and 2.) Tho tests of roforonco 1 showod
that, although tho additinn of oxygon supplied considorablo extra
power, th. ofi’octon tho knock limit and on en~ino tompcraturos.
was dotrtiontal unless lmgc quantities of internal coolants wcro
injockd.

Rc:centlytho ;.irTcchniocl Sorvico Corma_nd,hmy :.ir?orcos,
roqu~stod the W’.CAto conduct tests using nitrous oxido to provide
additional oxygon for supuroharging; Data obtainod from thG _&rw
lir ?orocs iudioatcd that this arxnpound~rassoloctcd in sn attempt
to obtr,intho benefits oi’oxygen supcmcharging without incurring
any roduotion of tho lmoc!klimit. It was understood that the
tests should bo applioablc insofar as possiblo to the in-line
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liquid-oooled engine wfth a 165@oubio-inoh displacement installed.
illa PIWsuit alrplaneo” Mahnuoh as no tiingle-oylindersetup of

a.- “the-1650-oubio-inoh displaoeinentengine”was avidlable, the tests
were oonduoted on a single-oylinder settipof an in-line liquid-
oooled engine with a 1710-oubio-tioh displaoement~ we compression
ratio of the 1710 oylinder was adjusted to that of the 1650
oylinders othtm operal+g conditions were seleoted to correspond
as nearly-as possible-to those of the 1660 engi.nee.

IWCA

were

The tests were oonduoted at the Cleveland Laboratory of the
during the early part t5f’l?45.~. . I

FUELS AND kATERIALS
.

Two fuels, 28-R (grade 100/130) and 33-R (grade 115/145),
used in the tests. The A.S.T.M. distillation ourves.for these

fuels are shown in figure 1.

The nitrous oxide used in the tests was obtained oommeroially
and was indioated to be at least 98 perqent pure; the impurities
in the nitrous oxide were mostly free nitrogen. The normal
boiling point of nitrous oxide is -1280 F end the vapor preo~ure
at 70° F is about 760 pounds per square inoh absolute, Complete
data on the variation of vapor pressure tith temperature are shown
in figure 2, whioh was plotted f’romdata given in referenoe 3, page
48. Other pertinent thermodynamic data for nitrous oxide, obtainod
from references 3, 4, 5, end 6, are presented in table 1. .

Eximapolation of tho vapor-pressure ourve (fi . 2) to the
fusion temperature of -152.30 F for nitrous oxide ftable I)
indioates that the fusion temperature will equal the saturat~on
temperature at a pressure of about 7 pounds pbr square i.nohabsolute.
Nitrous oxide oannot therefore be kept as a liquid unless it.is
under a pressure gretier than 7 pounds per square inoh absolute; if
the nitrous oxide is kept as a liquid by self-refrigeration some
precautions are neoessary to prevent freezing.

Some of the tests were oonduoted using two internal ooolants,
water and a mixture of 50=peroontwater and 50-peroent ethyl
aloohol by volume. The ethyl aloohol was denatured with 5-peroent
methyl aloohol~ The engine was oooled with amixturo of 30-peroent
ethylene glyool and 70-peroent water by weight and was lubricated
with Navy 1120 oil. .

Al?PARATus

En@ne. - The tests.were ootiuoked on a single-oylindcm setup
of a multioylinder blook mounted on a CUE orankoase. Cylinders 4,



— ——.-— -

4

6,
of

NAOfiMl MO. E6J?26

and 6 w&e used to obtaizithe data for this report. A desoriptton ,
this engine is given in referenoe 7.”

A piston protiding a compression ratio of 6.0 and equipped
with a ohrome-plated keystone top ring was installed in tho engine.
Beoause of the high temperatures encountered during the tests,
Niohrome-ooated etiaust valves end oohlwoperatiq epark”plugamre
used to @old preignition~

Nitrous oxide metering apparatus. - A diagrmmnatio sketoh of
the nitrous oxide system used with the test engine is shown in fig-
ure 3. The nitrous oxide tanks were inverted h order that the
liquid would drti from them first. The nitrous oxide passed from
the tanks through en expansion valve, whioh also regulated the flow
rate, and into an evaporator where my remaining liquid was vaporized.
The gas was then piped through ametering orifioe and into the
combustion-air surge tank.

Induotion systemo - The combustion air was taken from the
oentral laboratory system snd passed through a pressure-regulating
valve; a meastiing orifioe, and an electrio heater before entering
the surge tsnk. In this tank, whioh had a oapaoity of about 18
oubio feet, the nitrous oxide snd the mmbustion air were mixed. “
At the exit of the surge tenk the fuel and the internal ooolants
(when used) were admitted to tie mixture. The mixture then passed
through the vaporization tank and to the engine-inlet port. The
vaporization t~k was equipped with several inolined baffles to aid
in providing a homogeneous mixture of fuel, internal ooolant, ,
nitrous oxide, end air-

Instrumentation. - Thin-plate orifioes, installed in aooordanoe
with A.S.M.E. Atendards, were used to measure the flow rates of the
nitrous oxide and the ccunbustionair. The differential pressures
aoross thes”eorifioes were measured with water manometers. A Bourdon
gago moa#urod the pressure before the nitrous oxide orifioe and a ..
meroury manomet~r measured-the pressure before the ocmbustion=air
orifioo. The fuel-flow rate and the internal-ooolant flow rate .
wero moasurod with calibrated rotamotorss

All temperatures woro measured with iron-oonstantanthermo-
couples oonneoted to a self-bslsnoingpotonticmmtero Tho oylindor-
head thermocouple was Iooated between the exhaust-valve seats in tho
position indioatod in figure 40
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DEFINITION OF TERMS . .

-Nitrous oxide-air ratio- - Beoa~e tie nitrous.oxide -S used
supporting oonbustion, it was deoided that

‘m should be expresBed as a funotion of the air
fluw. For this reason the term ‘nitrous oxide-air ratio” (ratio of
mass rate of flow of nitrous bxide to mass rate of flow of air) was
seleoted to desoribe the nitrous oxide fluw. The use of this dtien-
sionless ratio facilitates the oomparlson of data obtained at differ-
ent engine oo~itionss ..... ..,., J.,..% .-.-.,. ..-

.Fuel-oqgen rat160- The oommnly.used tezm ‘fuel-air ratio”
oannot be used to ddsoribe adequately mixture strength when there
is Introdhoed some”tihterialthat also supports combustion. The
term “fuel-oxygen ratio” (ratio of mass rate of fuel flow to mass
rate of oxygen flow with the oxygen in both the sAr and the nitrous
oxide oo”nsidered)has therefore been used throughout the report to
desoribe mixture strengtho Four values of fuel-oxygen ratio have
been used h this investigation. With no nitrous oxide flm the
fuel-air ratios equivalent to these fuel-oxygen ratios are:

l?uel-o~gen ratio Fuel-sir ratio .

0,410 0.095
.453 ●105
.495 ●115
.539 ,125

Optimum spark timingo - As used in this report the term
“optimum spark timing” refers to the sparlctiming giving msxhnwn
power at oonstant manifold pressure for a given set of operating
oonditionso

Internal coolant-nitrous oxide ratio. - In the oourse of the
investigation tt W8S found that the use of nitrous oxide caused
abnormally high cylinder taperatures. Beoause the mnount of extra
oooling required to limit these oylinder tamporatures depends on the
nitrous oxide flow, this extra oooling should be expressed as a
funotion of nitrous oxide flow. l?heninternal coolants were used to
provide this extra ooollng, the term “titernsl coolant-nitrous oxide
ration (ratio of mass rate of internal..000lantflow to mass rate of
nitrous oxide flow) was used as a measure of the amount of internal
coolant supplied to the ohargeo

Ratio of supplemental fuel to nitrous oxide. - During a part of
the investigation smne data were obtained at rid mixtures ta find
the effeot of mixture enrichment on cylinder oooling. In order to
make those results comparable with the results of tests using
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the mount of mixture em%hment was expreased
of supplementsl f%el to nitrous oxideS“ The

supplemental fwl refers-to the mass rate of fuel flow”greater than
that required for the basio fuel~~gen ratio of 0.410.

TEST PROCEDURE ~ . ..

Throughout all tests the follwing operating conditions were
maintaineds

Engine speed, rpm........~......................................30~0
Compression ratioD.O=.coc.ooOO.O......O......COOO...O..O....OOO 6s0
Inlet-oil temperature, OF.@,m+.mm......OOOe.maqa.*aO.@.*@O*~. 99 185
Outlet-ooolsnttemperature, OFammemam.e..oemm ● .e.*mm*@.m*9.**.* 250
Coolant flows galloqs per minuteo~OOODC.a...-.o..”.OO.,O.OOO.OOO120.. ... . - .. ..

The nitrous oxide ‘wasinjebted as a gac-for all tests~ For
eaoh test the temperature of the inlet air upstream of the fuel and
internal-ooolantnoizles was adjusted in order to obtain the desired
inlet-mixture tmnporhture at the oylinder poti without nitrous
oxido. Fhn tho nitrous oxide was iajeoted the mixture of nitrous
oxide and air was heated to the temperatwo req~red for qir alone.
Beoause additio~al fuel was required to maintain a oonstant fuel-
oxygen ratio with nitrous oxide supercharging, the mixture temper-
ature at the oylinder port deoreaeed slightly as the nitrous oxide
flow was inoreased~ .

Test with oon6tant me.nifoldpressure. - The,tests with oonstant
manifold pressure were run with a oertam basio operating oondition
from whioh oaoh basio.variable (exoept mixture temperature) was
separately ohanged to determine tho offeots of nitroum oxide supor-
ohargtig.on engine porfonmanoe at varioui ope~ating conditions. me
following table shows the bdsio variables and the values used when
conditions other than the basic were tested.

.“
. . . . . . -, . ..-

. . . .
,

●

. .
. . . . . . ..- .

.. . ...
,
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Variable-.!._ ... .. .....

Manifold pressure, in Hg
absolute

l?uel.o~en ratio . “.

Spark timing, deg 11.T.C.
Inlet
Exhaust “ “

Wxture temperature, OF
(with no nitrous oxide .
flow)

Internal coolant-nitrous
oxide ratio

Basio Values used
value : “

..

60 .“, 30,50, 70
0.410.. I %*4i0 (0.095),-0.463 (0.106)

i. 0.496 (0.116), 0.639 (0.126)
.,

26 ~ 14-62 ,
34 “’

I
20-68 “ “

160 160

i
o I 0, 0.26, 0.60.,

%alues inpsrontheses indioate the corresponding fuel-air ratio
with no nitrous oxide flow.

For all except the sparktiming tests, the nitrous oxide flow
.

was the independent varis31e. For the sparktiming tests the nitrous
oxide-elr ratio was held constant while the spark thing was varied
through the desired ran~e.

The fuel used for all the tests with coustant manifold pressure
was 33-RO

Knock-limit tests. - Tests wore run to detbrmine the effeat of
nitrous oxide f’low on=e hock-limit with 28-R and 33-R i’uolso

Both fuels”were tested at the basic operating conditions (exoept
manifold pressure) noted in the table for the constant msnifold-
pressure tests. In addition, knock tests were run with 33-R fuel
;Tdthan enriched mixture (0.496 fuel-oxygen ratio) and with a
lowerqd mixture temperature (approx. 60°F). liitrousoxide flow
was the independent variable for the knook tests.

. .

RESULTS AND:DISCUSSION

Results of Tests with Nitrous Oxide Injeoted as a Gas

Effect of nitrous oxide supercharging at constant manifold

+
ressurec . Figure 5 shows the variation.of indioated mean
e .eot ve pressure with nitrous oxide-air ratio for oonstant
manifold p~essures of 30~ 50~ end 70 inohes of meroury absolute-
The percentage Inoreases in indloated mean effeotlve pressure.for
-variousnitrous oxide-air ratios are presented in table II for a
manifold pressure of 60 inohes of meroury absoltie, These data show

— -— .—
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that the power output inoreased almost linearly with t+e.p$trous
oxide-air ratio. A nitrousmide-air ratio of 001 re-suitedin an
inorease of a~out 14.peroent.im poww output and a-ratio of 002

resulted in an’inorease of about 26 peroent. The percentage
“ values varied only a small emount tith msni~old pressure, beoomlng
slightly les~..asthe manifold pressure was inoreasede “

In figure.6 the oylinder-head temperature is plotted as a
function of indioated mean effective pressure for these same tests,
The tioroase In the oyllnder.head temperature was considerably
greater for a given inoroase in powm output with nitrous oxido
supercharging than with air supercharging. This effeot oaused con-
siderable trouble”with preignition at the hi@or outputs until
oolder-operating spark plugs were installed. This rapidly rising
cylinder-head temperature is probably cause.d%y higher equilibrium
flame temperatures associated v.dththe increased oxygen concen@a-
tion in the ohargeo “

..”..

Effeot of.nitrou$ oxide supercharging on tho knook limit. - The
hook-limited uerformanoe of 28-R snd 33-R fuels with nitrous oxide
supercharging is shown in figure 76 With both fuels the knook-
limited power output was increased when nitrous oxide was injeoted
whereas the bock-limited msnlfold pressure was deoreased. With a
nitrous oxide-air ratio of 0.1 the Imock-limited indioated mean
effeotive pressuro was increased about 9 percent for both fuels with
a deorease in hook-limited manifold pressure of about 2 peroont;
with a nitrous oxide-air ratio of 0.2 the increaso h Imock-limited
indicated mean offootive pressure was about 17 percent with a
doorease in knock-limited mnifold pressure of aboti 4 pproont.. ... .

Data similar to those shown in figure 7 were obtained at.a
richer mitium (0.495 fuel-oxygen ratio) and at a lower inlet-
mixture temperature and are plotted as a funotion of inlet-mixture
tomporature in figure 8. Straight lines wero drawn betmcn the
points beoausc only tvm mitiurc tomperaturos wore tmsted for eaoh
fuel-oxygen ratio, Hero again the knock-limited indicated moan
effootive pressure was raised and the knook.limited manifold pres.
sure was lowered as tho nitrous oxide-sir rntio was inoroasod for
all engine conditions tested. As the mixture temperature was
lowered with the losnor fuel.oxygen ratio, tho presonoe of nitrous
oxide caused tho lmock.limited power output to be also loworod; with
the rioher fuel.oxygon ratio the injection of nitrous oxido c~sed
the lmock-lhited power output to ~&ncroqse.as the mixture tempera-
ture was lowerod. These faots are important in estimating the
effoot on engine performance of injeoting nitrous oxide as a liquid.

.
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Spal%timing requirements with nitrouB oxide superohargimg -
.?.-. . .,~em$eaultaof tOBtB tO determine optima spark tuning with v&iq

peroenta&6”of ‘nitroti.oX-ideat twd fuel-oxygen ratios.are pre-
6ented in figure 9; figure 10 shows optima spark timing a6 a funo-
tlon of the”nitr~us oxide-air ratio. It will.be noted titi ~ all
omes the optimwn spark tindng waB retarded as the percentage of - .
nitrous oxide in the oharge was inoreased; thiB effeot beoeme more
pronounood as the mkdmre was mriohed. The rioher fuel-mqygen
ratio te6ted (0,496) is near the limit of Flammability for fuel-
air mkrhu%s and oon6equently roquirod a large i@ltion admnoe to
oompen6ate for the resultant low flemc speed. InoreaBing the-oxygen
oonoontration in the oharge by the addition of nitrous oxide
inoreaBeB.the flame 6peod end permits optimum oporation at a muoh
more retarded spark timing.

The fuel consumption was reduoed approoiably with the addition
of nitroum oxido. (See fig.~9.) This doorease is probably oau6ed
by two effeots: (1) Nitrous oxide ha6 a positivo heat of formation
(tablo I) and thorofore liberates energy as it dissooiatos in tho
combustion ohmabor, nnd (2) the increased oonoontration of oxygon
in tho ohargo oau60s higher equilibrium flsme temporaturos, which
inoroase the ongino offioionoye

Effeot of internal oooling in oonjunotionwith nitrous oxide
suporoharg~o - mom ~o results of tho tests at oonst~t ~.~~ld

pressuro and from tho knook tents, it appears that tho main problem
associated with the uso of nitrous oxido for extra superohsrging
is oylinder oooling. For this reason tests woro run to detormino
tho effoots of mixturo enriohmont (intomal oooling with supplemental
fuel) and of titornal oooling with water and water-aloohol on the
oylindor-head tomporature. The results of tests at oonstaut mani-
fold prossuro to dctormino the offoots of supplemental i’uolas a
means of oooling are presented in figuro 11. ThoBo data show that
as the nitrous oxide-air ratio wa6 inoroased the loss in power
oausod by enriohing the mixture booame loss until at a high nitrous
oxide-air ratio thcimixture oould be greatly qnriohod with no loBs
in powur. At tho sdme ttio thd oylizuior-headteunporatum was oon-
sidorably lowered by mixture enriohment~

Somo of those data wero replotted in figure 12 with oylinder-
head temperature as & ~unotion of indioatod mean effootivo pro6mre#
tho ourvos for supplcnnontalfuel were obtained from the data of fig- .
uro 11 by interpolation Tho da8hod line represont8 tho oylindor-
hoad temperatures onooqnterod with air 6up6roharging at a fuel.
oxygcm ratio of 00410~ If-the oyltnder-hmd tmnporature onoounterod
with air WpOrOhargi~ oam be tolcmated for the dosirod inoroaso in
powor output, then the amount of supplcunontalfuel required to limit

, , ,, , ..,, - . .. . .. - -. . - . —
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“thist~porature to *O ~r-supercharging value when using nitrous
oxide”superohi&#ng till be abom” 10 poroent of the nitrous oxide
flow. If~the oylinder-head temperature osnnot bo allovrsdto exoed

‘ tho original value at tho puwer Io+ol at whioh nitrous oxide injoo-
tion was begun, the smount of sup@anontal fuo~.required will be
about 20 poroont of the nitrous oxido”flows

Data aro shown in kig~e 13 for internal oooling with water and
“water-aloohol. For the titornmdiate internal ooolant-nitrous okide
ratio (0~25) both of thoso titornal aoolants rosultod in a very
sli@t inoroaso in powor as oomparod with tho sli&ht dooroase notod
for oooling with supplcmontal fuel. Tho lovoling of the mixturo-
tempordmro oumms in figuro 13 indioates saturation of tho mixturo
with tho internal ooolants. Data from figure 13 woro rdplotted in
figuro 14 with oylinder-head taporaturo as a funotion of indioatod
moan effootivo prossuroo With both of tho ooolsnts (water and wator-
aloohol) tho r@o of flow required to ltiit the temporaturo to that
obtainod with air suporohar~ing was about 25 poroont of tho nitrous
oxido flow as omnparod with the 10 pcroont provioua~y mentioned for
oooling with supplomontal fuel, In ordor to ltiit tho oylhder-head
tomporaturo to tho o~iginai valuo at tho p-r lcvol whoro nitrous
oxido injootion was begun, “it appears that tho flow of oithor water
or water-aloohol nould havo to ‘boabout 40 poroo.ntof tho nitrous

:. axide flow. Tho oorrosponding flow rato for supplacntal fuel in

,.

. .

-.

this oaso was 20 poroont. .. .
. .. ....-.

Tho results just mcntiopod show that tho amount of.supplanontal
fuel roquirod”for cooling tho oylindcr with nitrous oxido super.
charging was loss than half tho roquirod smount of oithor water or
water.aloohpl. It has also bcwn sho~m that tho effoot on powor out-
put was small for any & thoso methods of internal cooling. lfion
kook is not a limitation ‘ho usu of mitiuro onriohmont is prcfcr-
ablc to water or water-almhol injootion if tho nitrous oxfdo flow
rato is suoh that extra oooling is roquirod. T~on ~~k is a l~i-

tation, ho-romr, it msy bc noocssary to resort to water or wwtor.
aloohol tijcotion booauso mitiuro onriohmont doordasod tho lmook
limit at thoso lowmixturc tomporaturos. (Soo fig, 8.)

Estimation of Results with Nitrous Oxide Injooted as a Liquid

Power output at oonstsnt manifold prossuro. - In amultioylindor
ongino J-*O nitrous oxido would prooably bo mjeoted into the induo-
tion system as a liquid rather than as a gas beoauso of tho oompara-
tivo shlplici~ Of thO liquid system and beomiso of
oooling obtainod by tlioevaporab~on of the liquid.
calculations woro made to estimate the power,output

tho charge
For this reason
that would bo
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obtained at oonstant manifold preBsure with nitrous oxide injeoted
as a liquld at its nomual boiling point (-1280F’)~ The methods used
in making these oaloulations appear in the appendix.

Figure 16 and table III shuw the power output that oould be
obtained with Mquld nitrous oxide injeotion as ocanparedwith the
powew output obtained with gaseous injeotion at oonstant manifold
pressure, It appears from figure 1S that the inorease in power out-
put obtained by liquid injeotzl.onwouldbe about double tie inorease
obtained by gaseous injeotion at all valves of nitrous oxide-air
ratio. The nitrous oxide, however, lowers the inlet-mixture temper-
ature so muoh when injeoted in this manner that little of the fuel
would be vaporized at the time of induotion into the oylinder, whioh
would probably lead to mixture-distribution dMfioulties with the
multioylinder engines If extremely high nitrous oxide-air ratios
were used (above 092) the mixture temperature might even be lowered
so muoh that the use of water injeotion for oylinder cooling would
oause ioing in the induotion system. The best solution for these
difrioulties would be to injeot the nitrous oxide into the intake
manifolds as near as possible to the individual oylinder ports.
The desirable feature of higher oharge-air density (due to lower
mixture temperature) would be partly lost beoause of laok of tfiilefor
complete vaporization and mixing before induotion into the oylider;
this loss would be compensated for in some measure, however, by the
high density of the liquid nitrous oxide entering the cylinder.

K’nook-limitedpower out ut, -
t d-

Tlm lowered inlet-mixture tempor-
aturos brought abou y nJeo lon of the nitrous oxide as a liquid
would be of doubtful value where the lmock limit is concerned~
Figure 8 shows that at the basic fuel-oxygen ratio of 0.410 the pres-
ence of nitrous oxide oaused the knook-limited indioated mean effeo.
tive pressure to be lowered as the mixture temperature was lowered,
These ourves have been used for determining the values of knock-
limited indioated mean effeotive pressure with liquid nitrous oxide
injeotion given in table III. (Seo the appendix for methods used in
making these determinations, On the basis of these ourves end the
Information in table III it is seen that the nitrous oxide would
inorease the lmock-limited power only about half as muoh with liquid
injeotion as with gaseous injection. If mitiure enrichment is used
to limit the oylinder temperatures when using nitrous oxide, this
situation may be changed to some ex%ent beoause figure 8(b) shows
the knook-lbnited power at a rioher mixture (fucd-oxygen ratio of
0.495) to be inoreased QS the mixture tmnperature is lowered.

— -----
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SUMMARY OF RESULTS
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The results of the tests and oaloulations to investigate the
possibilities of using nitrous oxide for extra supercharging at high
altitudes are summarized as follows:

lhjeotion as a gas (test results):

1. With oonstsnt manifold pressure, the nitrous oxide inoreased
the power output about 14 poroent on an indioated basis at a nitrous
oxide.~r ratio of O-13 this increase amounted to about 25 peroent
at a ratio of 002~

2. The hock-limited powor output was inoreased about 9 pero~
on en indicated basis with a nitrous oxide-air ratio of 0.1 and
about 17 pcroent with a nitrous oxide-air ratio of 0020 The lnMok-
ltiitod manifold pressure was decreased about 2 poroent and 4 per-
oent, rospeotively, for these ratios.

3. Inoroasing the o~gen concentration h the ohsrge by the
addition of nitrous oxide inoreascd tho flame speed, resulting in
decroasod values of opthnzm spark timing. This offeot was espeoiallr
notable at extremely rioh fuel-oxygeu ratios~

4. The use of nitrous oxido resulted in abnormally high cylindor-
head temperatures. lihenkook is not a lhuitation, those tsmperb
tures oan be controlled to best advantage by the use of mifiure
enrichment. When book is a limitation, the use of water or water-
aloohol injeotion may be proforable.

Injootion as a liquid at -1280F (oaloulatwd results):

1. The nitrous oxide would lower the inlet-mixturo tcsnporature
to such an extent when injeoted as a liquid that poor mixlmre distri-
butionmsy result unless special means are provided to pruvent this
diffioulw. When mixturo distribution is not a problem. calculations
indioate that the liquid
powor
given

output about ln~tico
manifold pressure,

nitrous oxido would inorease the indicated
as much as with gasaous injeotion for a
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2, Calculations and test data show that the lowered mixture
tgpperybures brought about by injeotion of nitrous oxide as a liquid,...—.
should oause the knooldimited-’”’bdibated”’p-~roirtputto be somewhat
lowor than that obtained with gaseous injeotion of a fuel.o~gen
ratio of 0.4100 At rioher fuel-oxygen ratiose however, the kmoolc-
limited power was inoreased as the mitiure temperature was lovmrod~

..

Airoraft Engine Researoh Laboratory,
National Advisory Ccmmittee for Aeronautios9

Cleveland~ Ohio, June 26, 1945,
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APPNNDIX - ESTIMATION OF EN~INE HiRI?OWOE WITH>
.

INJECTION OF’LIQUID lUTROUS OXIDE

~0. E5F26

During the investigation made at tho IVACAon superoharglngtiti
nitrous oxide, the tests were all donduotod with nitrous oxide
~njeoted as a gas md then heated to the temperature of the inlet
air. The uso of liqufd nitrous oxide at a low tenqwrature, however,
would bring about a pronounced drop in ‘*e inlet-mixturo temperature
at the oyliudor port and would therefore have an effeot on engine
performanoeO

Evaluation of the oooling effeot of the nitrous oxide was first
neocssarye The ovaporatlon of the fuel }Su-lidprobably not be conk
plete at the resulting low inlet-mitiuro temperatures; data were
obtained to show the variation of mixture temperature with inlet-air
temperature in this low-temperature range. IZlcourve plotted from
tlmse data were used in the csloulations.

The cooling effeot of the nitrous oxide was determined from the
oqucition

Wa o
Pa ‘ta-

‘)=w+j% (%-Q+HW]

where

Sa

‘Pa

0%20

%20

t
In

%!20

mass rate of flow of

bass rtte of’flow of

air, lbfi

nitrou~ oxide, lb/hr

at COi:StSJlt pressure, lMu/(lb)(°F)

(1)

f nitrous oxide gas at constant pressure,specifio heat o,
M/(lb)(°F)

initial temperature of the air, q

initiel tempcraturo of’tho nitrcus oxide, ‘F

temperat~re of the remltin~ mixture, ‘F

latent heat of vaporization of nitrous oxide at tempera-

*UQ $208 Bt@b
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When values of

-- . . .

0.24 for o ,
Pa

.,-
~N20, 210 for ta, k -128 for

equation (1) end it is solved for

60.4 - lo8e6

t“:

15

171.6 for00212 for 0PN20’

~0 are substituted into
2

~,. * equation beoames

(~20/~a)

‘“ 0,24+ 0.212 (~2&a)
(2)

where W Wa
H20

is the nitrous oxide-air ratio. The Inlet-air

temperature of 210° F was taken fmm the ourve to oorreapond to sn
inlet-mixturetemperature at 150° F.

Equation (2) was used to oaloulate the resultant temperature
for various mixtures of nitrous oxide and air. The mixture temper-
ature corresponding to the oaloulated inlet-air tempernturo was
determined by means of the ourve previously mentioned.

The inorease in indioatmd engine output oaused by oharge oooling
is dependent upon the inorease in oharge density snd is Given bJ the
rooiprooal of the ratio of the absolute temperatures. Aooordingly,
the inorease in indioated mean ei’feotivepressure with the use of
liquid nitrous oxide is given by

( *p)z s (imep)g(Tg/T2)
I

where

(imep)~ indioated mean effeotive pressure with liquid nitrous
OXidO, lb/sq fiO

(tiep)g indioated mean effeotive pressure with gaseous nitrous
OXidS, lb/sq tie

‘1 mixture temperature at the oylinder port with liquid
nitrous oxide, %

(5)

‘g mixture temperature at the oylinder port with gaseous
nitrous oxide, %
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Values of (Imep)g win-etaken from figure 5, and a mixture

temperature of 6100 R was used for Tg. Equation (3) was then used

to determine the indioated mean effeotive pressures for liquid
nitrous oxide injeotion at oonstant manifold pressureo

The knock-limited performance estimates were made by interpola-
tion of figure 8 at the oaloulated mixture temperature,
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TABLE I - TEXRMODYNAKIC PROPERTIES OF NITROUS OXIDE

I Froperty

I-oatof formation, Btu/lb

I
d eat heat of’vaporization,
Btu/lb

1
pccifio heat of liquid,
fltu/(lb)(°F)

pecific haat of gas at
co~st~t pr~~sureJ

Rtu/(lb)(cW’)
atio of spocifio heats
cf Cas
eusity of liquid, lb/cu ft

bsion temperature, ‘F

Value

.—

691

172,3
139.1
121.4
95.8

0.422

0.212

1.28C)

81.2
39.1
152.3

.—

Conditions

Gas at 64.4° F and
14.7 ~b,18qin.
absolut6

-135° F
-400 F

5° F
590 ~

-1250 F

5043(j0 F

-1300 F
860 F

TA9LR II - INC~EASES IN ENGINX FUWER ‘;iITHl:ITFOUSOXIUE

Referenoe

4 (p. 162)

[1
3. p. 48
3 p- 48
3 (p, 48)
3 (p. 48)
5 (pp. 1o7-

109)
5 (pp, 1o7-

109)

5 (pp. 1o7-
lWI)

~ (p. 18)
h (p. 48)
6 (Pp. Li54-

455)
——

Nitrou& $itrous oxide injected Nitrous oxide injooted
oxide- ns gas at 210C I’ as liquid at -1280F

I
—

air
ratio Indicated -

jllesn offeo-

}

ivo pres-
ure

0,00 I 237
,05 I :;:
,10 ‘
.16 I 2e5
;:; [ 29’7

I 307

Calculated values.

Percentage
i~orease

---q---- -

8
14
20
25
30

rercentageean effeo- irL2rease
tive pres-
sure

237 “---------
275 16
311 31
358 43
369 56
406 71

—— I I I

National Advisory Committee
for Aoronautioo
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TABLE III - KNOCK-LIMITE)PEWORIL3WE 7iITHNITROU8 OXIDE INJE3TIOE

‘ml, 33R; fuel-oxygenratio, 0.41~ “

-..
Nitrous~Nitrousoxide injeoted as gas at ~~itrousoxide injeotedas liquid ~

—— —,

oxide- I 210° F ~ at -128° F
air . ~ (m) j

rskio

! 0.00

\ —J

I 1

l?hodc- i hOCk- lPercentage Knock- 1wok lPeroentam
limited !limited !increaseill l~it~ :limited Iinorease”in
manifold :indicated ~~~ated manifoldiindioated Ihdioated
pressure Imean effec+em ‘f ‘0-

: f

rossureimean tifeO een dfOO.
(in. Hg ~tive pres-~ive Pres- in. Hg Itive pres- tive Dres.

80-5 ! 385 II-----------I 80-5 i 386 l------------

I

I .05 ‘ 79s6 :
I

405 I 6
I

75:0 ; 404 Is’

1
.10 ~ 78e8 . 420 I 9 69.1 ] 1

.15 ~ 78.0 ‘ 436 b64.5 ~ bz: ~ 1: ~

: ~b7.O “ b452
i I

g20 i*--------i-----------+-------------..--- .—...— .-— ‘
%aloulated values.

.——-. .-.

bllrtrapolated.
NationalAdviEory Conmittee

for A@xmautios

8
N
m
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Figure 2. - Variation of vapor pressure of nitrous oxide with
temperature. Data from reference ~, page kg.
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Figure 4. - Location of thermocouple in cylinder head.
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Figure 5. - Variation of Indicated mean effective pressure with
nitrous oxide-alr ratio at three constant manifold pressures.
Engine speed, 3000 rpm; initial inlet-mixture temperature,
150° F; compression ratio, 6.o; fuel-oxygen ratio, 0.410* inlet-
011 temperature, lg50 F; outlet-coolant temperature, 250~ F;
fuel, 33-R.

— ,., . ...———. . ...



I

r , , ~, 1 , 1 , 1 r 1 , 1 1 , 1 1 v # # # , , v 1 , r , ,
NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS x

600

560 -
ok

!!i

5
2
~

f!
:~
A supercharging Manifold pressure
2?440 -

1
(in. Hgabs.)

o Air Variable
+ Air plus nitrous 50

oxide
x Air plus nitrous 70 xoxide

400 - .~ z
x=’

15)-7 x
m

120 160
i,,, ,,., IL,, ,,,, ,,,,

200 24o 280 320 360 400 440 w!
Imep, lb/sq In. - s

Figure 6. - Variation of cyllnder-head temperature with Indicated mean effective pressure 9

for air and for nitrous oxide supercharging. En Ine speed, ~000 rpm; Initial lnlet-
Emixture temperature, 150° F; compression ratio, .0; fuel-oxygen ratio, 0.410; lnlet- 2
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Nitrous oxide-air ratio
Figure 7’. - Knock-1imited performance of 28-R and 33-R fuels in single-cylinder engine

with nitrous oxide supercharging. Engine speed, 3000 rpm; initial inlet-mixture
temperature, 150” F; compression ratio, 6.0; fuel-oxygen ratio, 0.410; inlet-oil tem-
perature, 185° F; outlet-coolant temperature, z500 F.
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Figure 9. - Effect of spark timing on performance of single-cylinder engine with nitrous
oxide supercharging. Exhaust spsrk timing advanced 6° beyond inlet spark timing.
Engine speed, 3000 rpm; manifold pressure, 50 inches mercury absolute; initial inlet-
mixture temperature, 150° F; compression ratio, 6.0; inlet-oil temperature, 185° F;
outlet-coolant temperature, 250C F; fuel, 33-R.
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